MicroRNAs play critical roles in the pathogenesis of osteoarthritis, the most common chronic degenerative joint disease. Exosomes derived from miR-95-5p-overexpressing primary chondrocytes (AC-miR-95-5p) may be effective in treating osteoarthritis. Our results suggest that AC-miR-95-5p-Exos regulate cartilage development and homoeostasis by directly targeting HDAC2/8. Thus, AC-miR-95-5p-Exos may act as an HDAC2/8 inhibitor and exhibit potential as a disease-modifying osteoarthritis drug.
initiation and progression of OA. [9] [10] [11] [12] [13] For example, HDAC4 as a central regulator of chondrocyte hypertrophy and skeletogenesis, which directly inhibited the expression of Runt-related transcription factor 2 (RUNX2). 14, 15 In contrast, HDAC1, 2, 3 and 8 tend to impede cartilage development by inhibiting the expression of cartilage-specific genes, such as COL2A1 and aggrecan. [16] [17] [18] Moreover, the inhibition of HDAC1/2/3 represses interleukin (IL)-1-induced matrix metalloproteinase (MMP) expression and cartilage resorption. 9 Exosomes are packaged vesicles 50-150 nm in diameter, which contain specific proteins, lipids and/or nucleic acids (DNA, mRNAs, miRNAs and other non-coding RNAs). They are secreted by almost all metabolically active cells and exert their functions in recipient cells. [19] [20] [21] [22] Exosomes are cellular by-products that reflect the pathophysiological changes occurring nearby or in the surrounding environment, making them key factors in monitoring disease initiation and progression. 23 MicroRNAs (miRNAs) are small non-coding RNAs that function as post-transcriptional regulators. They silence the 3′-untranslated regions (3′-UTRs) of target genes and suppress their expression 24 .
Recent studies have indicated significant regulatory roles of miRNAs and HDACs in chondrogenesis and cartilage degeneration. For example, miR-92a-3p regulates the expression of cartilage-specific genes by directly targeting HDAC2 in chondrogenesis and cartilage degradation, 17 and miR-455-3p modulates cartilage development and degeneration through HDAC2/8. 18 Furthermore, miRNA-222 modulates MMP-13 expression by inhibiting HDAC4 during the initiation and progression of OA, 25 and miR-140 and miR-381 target HDAC4
to regulate cartilage and bone formation. 26, 27 HDAC inhibitors (HDACi) up-regulate the level of miRNA-146a and repress IL-1β-induced signalling and cytokine secretion in OA fibroblast-like synoviocytes. 28 However, changes in the exosomal miRNA content associated with cartilage development and degeneration have not yet been described. The primary goal of this study was to illustrate differences in exosomal miRNAs in normal and OA cartilage-secreted exosomes and to explore their biological functions.
In this study, we used a miRNA microarray to analyse the miRNA profiles of normal and OA cartilage-secreted exosomes and observed the down-regulation of miR-95-5p in OA. We found that miR-95-5p has the potential to regulate HDAC2/8 expression with miRNA target prediction software. However, no previous studies on the function of miR-95-5p have been conducted. Given the role of exosomal miRNAs in regulating cartilage homoeostasis and chondrogenesis, we hypothesized that exosomal miR-95-5p may play a role in both cartilage development and OA pathogenesis. In this study, we aimed to determine whether exosomal miR-95-5p regulates cartilage-specific gene expression by targeting HDAC2/8 in chondrogenesis and cartilage degradation. Cells were cultured at 37°C under a 5% CO 2 atmosphere, and the medium was changed every 3 days. The hMSCs were induced to differentiate into chondrocytes in micromass culture within three passages as described previously. 
| MATERIALS AND METHODS

| Ethics
| Isolation and identification of exosomes
Exosome isolation was carried out using ultracentrifugation. 29 In brief, chondrocytes culture supernatants were subjected to successive centrifugations at 3000 g (30 minutes) and 10 000 g (30 minutes). Exosomes were then pelleted at 64 000 g for 110 minutes using an SW28 rotor (Beckman Coulter, California, USA). Exosome pellets were resuspended in 0.32 mol/L sucrose and centrifuged at 100 000 g for 1 hour (SW60Ti rotor; Beckman Coulter). The exosome pellet was then resuspended in phosphate-buffered saline (PBS). Nanosight 2000 analysis and transmission electron microscopy (TEM) were used to identify exosomes. RNA and proteins were extracted from exosomes using a Total Exosome RNA & Protein Isolation Kit (Invitrogen, Carlsbad, CA, USA) for further analysis. The BCA protein assay kit was used to quantify the exosomes.
| Primary chondrocyte collection, isolation and cell culture
Degraded joint cartilage samples were obtained from patients (n = 6; mean ± standard deviation [SD] age: 58.2 ± 1.24 years; male: 3, female: 3) with OA knee joints during total knee replacement operations. Normal cartilage samples were taken from patients (n = 6; mean ± SD age: 53.6 ± 1.48 years; male: 3, female: 3) with no previous history of OA or rheumatoid arthritis, who underwent total hip replacement surgery because of fractures of the femoral neck. The cartilages were dissected away from the subchondral bone and then digested by 4 mg/mL protease and 0.25 mg/mL collagenase P as described previously. 17 RNA extraction and reverse transcription were performed as described previously. 17 CDNA was generated using the PrimeScript miRNA cDNA Synthesis Kit (Takara Biotechnology, Shiga, Japan) following the manufacturer's instruction. Transcript levels were normalized to that of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH; for mRNA) or the small U6 RNA (for miRNA). The specific primers used for these analyses are listed in Table 1 . Gene expression was calculated using the 2 −ΔΔCt method, and each experiment was performed in triplicate.
| Microarray analysis
The miRNA expression profiling assays from six samples exosomes 
| Transfection
The 
| Western blot analysis and immunohistochemical analysis
Western blot analysis was carried out as described previously. pore, Bedford, USA). β-actin was used as an internal control.
Immunohistochemical analysis was performed as described previously. 17 Cartilage tissue sections were blocked in PBS plus 0.025%
Tween 20 with 10% foetal bovine serum, followed by incubation with rabbit anti-human HDAC2/8 antibody (1:200; Abcam).
T A B L E 1 Primers for quantitative real-time polymerase chain reaction (qRT-PCR)
Gene
Primer sequence(5′-3′)
| Luciferase constructs and reporter assay
The 3′-UTR fragments of the HDAC2, and HDAC8 coding sequences were PCR-amplified using the following primers: hsa-HDAC2-3′-UTR- 
| Statistical analysis
Data are presented as means ± standard deviations (SD) of the results of at least three independent experiments. Student's t tests and MannWhitney U tests were used to identify differences between groups as appropriate. One-way analysis of variance (ANOVA) and Kruskal-Wallis tests were carried out for multiple group comparisons. A P-value <0.05 was considered statistically significant. 31 All analyses were performed using SPSS Version 20 (IBM Corporation, Armonk, NY, USA).
3 | RESULTS
| Identification of exosomes derived from chondrocytes
Nanosight analysis showed that the size of the majority of chondrocyte-secreted exosomes was approximately 120 ± 30 nm (Figure 1A) . TEM clearly revealed that chondrocyte-secreted exosomes exhibited a cup-shaped or round morphology (Figure 1B) . Western blotting analyses confirmed that chondrocytesecreted exosomes expressed exosomal markers, such as CD9, CD63, CD81 and HSP70 ( Figure 1C ).
| MiRNA expression profiles in OA and normal chondrocyte-secreted exosomes
The expression profiles of miRNAs in OA and normal chondrocyte-secreted exosomes were detected using a miRNA microarray. Table S1 . Among the miRNAs that were consistently differentially expressed in all three paired samples, 22 were up-regulated (fold change >2) and 29 were down-regulated (fold change <−2) in OA-secreted exosomes compared to levels in normal chondrocytesecreted exosomes, as shown in Table S1 . Exosomal miR-95-5p was down-regulated 2.54-fold in OA-secreted exosomes. We predicted the target genes of miR-95-5p with TargetScan and micro-RNA.org and identified HDAC2 and HDAC8 ( Figure 2D ). Previous studies have demonstrated that HDAC2/8 are closely related to the initiation and development of OA. [16] [17] [18] These data indicate that exosomal miR-95-5p plays an important role in maintaining cartilage stability. Figure 3I , in situ hybridization). However, the higher mRNA and protein levels of HDAC2/8 were exhibited in OA cartilage compared to levels in normal cartilage ( Figure 3B ,C,E,F, qRT-PCR analysis; Figure 3G ,H, western blot; Figure 3J ,K, immunohistochemical analysis).
F I G U R E 2 Exosomal miRNA expression profiles in chondrocyte-derived exosomes. A, Hierarchical Clustering shows a distinguishable exosomal miRNA expression profile between the two groups and homogeneity within groups. RNA was extracted from chondrocytesderived exosomes samples obtained from three OA patients and three control subjects. B, qRT-PCR confirmation of miRNA expression in OA chondrocyte-secreted exosomes and normal chondrocyte-secreted exosomes. Quantitative real-time PCR was performed with indicated primers and fold-change of mRNA was normalized to U6 mRNA. Samples from three OA or normal chondrocytes and each were repeated three times. C, Volcano Plot of the differentially expressed exosomal miRNA. The red points in the plot represent the differentially expressed exosomal miRNA with statistical significance. D, Some of target gene of miR-95-5p, which can directly target HDAC2 and HDAC8
F I G U R E 3
The expression of mature miR-95-5p and HDAC2/8 in normal and OA cartilage. A-C, Relative miR-95-5p and HDAC2/8 mRNA levels in normal and OA cartilage tissues and (D-F) in normal and OA cartilage-secreted exosome were determined by SYBR green-based qRT-PCR. U6 and GAPDH were used as endogenous controls. Each dot represents a value from a single experiment of one donor. The bar shows the mean and 95% confidence intervals of the values from six different donors per group. ***P < 0.001. G, H, J, K, HDAC2/8 protein levels in normal cartilage and OA tissues or cartilage-secreted exosomes were determined by Western blotting and immunohistochemistry using anti-HDAC2/HDAC8 monoclonal antibody and β-actin as endogenous controls. Data shown are representative of results from six normal and OA cartilages (magnification, ×200). I, The miR-95-5p expression levels were determined in normal cartilage and OA cartilage by in situ hybridization (magnification, ×200). Scale bar 50 μm
| Exosomal miR-95-5p enhances histone H3 acetylation and maintains the function of articular chondrocytes
Proliferation was evaluated following the stimulation of chondrocytes with various doses of AC-Exos or AC-miR-95-5p-Exos. At a concentration of 50 μg exosomes/mL, chondrocytes cultured with AC-miR-95-5p-Exos showed greater proliferation than those incubated with other doses of exosomes ( Figure 4A ). In order to determine the effect of exosomal miR-95-5p on chondrocyte function, we treated chondrocytes with 50 μg/mL AC-miR-95-5p-Exos or AC-anti-miR-95-5p-Exos.
We found that AC-miR-95-5p-Exos significantly up-regulated the mRNA expression levels of aggrecan, COL2A1, COL9A1 and COMP and decreased the expression levels of COL10A1, MMP13, HDAC2 and HDAC8 ( Figure 4D ). In contrast, AC-anti-miR-95-5p-Exos accelerated cartilage matrix degradation and increased HDAC2/8 expression (Figure 4E) . Moreover, AC-miR-95-5p-Exos decreased HDAC2 and Quantitative data are presented as means ± standard deviations from three independent experiments. GAPDH was used as internal controls for mRNA. *P < 0.05, **P < 0.01, ***P < 0.001. F, The acetylation level of histone H3 and expression levels of aggrecan, Col2a1, SOX9, RUNX2, MMP13, HDAC2 and HDAC8 were visualized by Western blotting and β-actin and total histone H3 were internal controls as endogenous control 
| DISCUSSION
In this study, we analysed the expression profiles of miRNAs in exosomes isolated from the supernatants of OA and normal chondrocyte cultures. We found that 22 miRNAs were up-regulated (fold change >2) and 29 miRNAs (including miR-95-5p) were down-regulated (fold change <−2) in OA-secreted exosomes compared to levels in normal chondrocyte-secreted exosomes, as shown in Table S1 . This study is the first to observe exosomal miR-95-5p- family, which include SIRT1-7 members in mammals. 4, 32, 33 In chondrocytes, SIRT1 was demonstrated to promote the SOX9 expression and also to enhance the acetylation activity of COL2A1 14, [16] [17] [18] 25, 26, 35, 36 HDACs proteins cannot suppress all genes, but selectively repress a controlled set of cellular genes. 37, 38 Previous study showed that knockout of a class I HDAC resulted in dramatic increases a wide-ranging extracellular matrix-related genes expression in Caenorhabditis elegans. 39 In addition, the activity of HDAC1
and HDAC2 was responsible to the transcriptional repression of cartilage-specific genes via the activation of NF-κB signalling. 16, 40 In this study, the knock-down of HDAC2 and HDAC8 resulted in the up-regulation of SOX9 and down-regulation of RUNX2, respectively. Unexpectedly, miR-95-5p was found to target 2 class I HDACs, HDAC2 and HDAC8.
There are few reports focusing on the link between miRNAs and HDACs during cartilage development and degradation. Previously, miR-365, miR-381, miR-29b and miR-222 were found to directly target HDAC4 and to participate in chondrocyte differentiation, osteoblast differentiation and the pathogenesis of OA. 25, 27, 41, 42 Here, we observed a negative correlation between the expression levels of exosomal miR-95-5p and HDAC2/8 in normal and OA tissues and exosomes. AC-miR-95-5p-Exos markedly promoted SOX9, aggrecan and COL2A1 expression during the early chondrogenic F I G U R E 6 PHCs were transfected with siNC (as control) or siHDAC2/8. The gene expression levels of aggrecan, Col2a1, COMP, Col9a1, Col10a1, SOX9, RUNX2, MMP13, HDAC2 and HDAC8 were estimated by qRT-PCR (A). Quantitative data are presented as means ± standard deviations from three independent experiments. GAPDH was used as internal controls for mRNA, *P < 0.05, **P < 0.01, ***P < 0.001. The acetylation of histone H3 and expression of HDAC2, HDAC8, SOX9, RUNX2, MMP13, Col2a1 and aggrecan were visualized by Western blot and β-actin and total histone H3 were internal controls as endogenous control differentiation of hMSCs and maintained cartilage development. This was similar to the effects of miR-95-5p, which was shown to directly regulate the expression of HDAC2/8 and enhance histone H3 acetylation.
There is increasing evidence that HDACi, such as trichostatin A (TSA) or belinostat (PXD101), suppress cartilage degradation and may be of potential therapeutic value for OA patients. [43] [44] [45] [46] TSA promotes the acetylation of the WNT5A promoter, which in turn leads to the transcriptional suppression of COL2A1. 47 TSA was also found to repress the expression of MMP1 and MMP13 in both IL-1-induced chondrocytes 9 and a rabbit anterior cruciate ligament transection model of OA. 46 Moreover, the underlying mechanism by which TSA affects cartilage development and degradation may involve histone modifications by HDACs. It has been reported that TSA induces histone H3/H4 acetylation and specifically increases H3/H4 acetylation levels near the COL2A1 enhancer region. 9 Interestingly, we noted that miR-95-5p functions, at least to some extent, in a manner similar to HDACi. Specifically, miR-95-5p inhibits HDAC2/8 expression, results in the hyperacetylation of histone H3
and increases the expression of cartilage matrix genes.
In conclusion, the results presented here demonstrate that the overexpression of exosomal miR-95-5p is essential during chondrogenesis to suppress HDAC2/8 expression. To the best of our knowledge, this is the first study to demonstrate the regulation of class I
HDACs by an exosomal miRNA during chondrogenesis. We also demonstrated that this mechanism plays a pivotal role in cartilage- 
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